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Superior cervical ganglia of postnatal mice with a targeted disruption of the gene for neurotrophin-3 have 50% fewer neurons
than those of wild-type mice. In culture, neurotrophin-3 increases the survival of proliferating sympathetic precursors. Both
precursor death (W. ElShamy et al., 1996, Development 122, 491–500) and, more recently, neuronal death (S. Wyatt et al.,
1997, EMBO J. 16, 3115–3123) have been described in mice lacking NT-3. Consistent with the second report, we found that,
in vivo, neurogenesis and precursor survival were unaffected by the absence of neurotrophin-3 but neuronal survival was
compromised so that only 50% of the normal number of neurons survived to birth. At the time of neuron loss,
neurotrophin-3 expression, assayed with a lacZ reporter, was detected in sympathetic target tissues and blood vessels,
including those along which sympathetic axons grow, suggesting it may act as a retrograde neurotrophic factor, similar to
nerve growth factor. To explore this possibility, we compared neuron loss in neurotrophin-3-deficient mice with that in
nerve growth factor-deficient mice and found that neuronal losses occurred at approximately the same time in both
mutants, but were less severe in mice lacking neurotrophin-3. Eliminating one or both neurotrophin-3 alleles in mice that
lack nerve growth factor does not further reduce sympathetic neuron number in the superior cervical ganglion at E17.5 but
does alter axon outgrowth and decrease salivary gland innervation. Taken together these results suggest that neurotrophin-3
is required for survival of some sympathetic neurons that also require nerve growth factor. © 1999 Academic PressKey Words: neurotrophin; sympathetic neuron; survival; cell death.
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According to the neurotrophic factor hypothesis, neurons
are initially overproduced, and their number is subse-
quently refined by neuron loss through competition for
trophic factors synthesized in restricted amounts in target
tissues. Nerve growth factor (NGF) fits the criteria for a
target-derived neurotrophic factor for sympathetic neurons.
In vitro, sympathetic neurons isolated from late embryonic
or early postnatal rodents die, but almost all can be rescued
by NGF (Chun and Patterson, 1977; Greene, 1977; Levi-
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All rights of reproduction in any form reserved.ontalcini and Angeletti, 1963). In vivo, NGF is expressed
n sympathetic target tissues coincident with the arrival of
ympathetic axons and at levels roughly corresponding to
nnervation density. Sympathetic neurons transport NGF
rom their target tissues (Hendry et al., 1974; Korsching and
hoenen, 1983; Thoenen and Barde, 1980) and application
f NGF to nerve terminals is sufficient to maintain cultured
ympathetic neurons (Campenot, 1977). Increasing the
mount of NGF available to sympathetic neurons during
evelopment rescues neurons that would normally die
Albers et al., 1994; Hoyle et al., 1993; Levi-Montalcini,
987), while decreasing NGF with chronic injections of
nti-NGF antisera during development results in destruc-
ion of the sympathetic nervous system (reviewed in Levi-ontalcini, 1987). The requirement for endogenous NGF
as been confirmed in gene-targeting experiments: sympa-
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412 Francis et al.thetic ganglion volume is reduced by at least 80% at P3 in
mice with a targeted disruption of the gene for NGF
(Crowley et al., 1994) and essentially no neurons remain at
9 in mice that lack the tyrosine kinase receptor for NGF,
rkA (Smeyne et al., 1994; Fagan et al., 1996). Taken
together, these data support the hypothesis that NGF,
synthesized in limiting quantities in target tissues and
retrogradely transported from axon terminals, determines
the number of sympathetic neurons that survive into adult-
hood.
Similar to postmitotic sympathetic neurons, at least 60%
of dividing sympathetic precursors do not survive in serum-
free cultures (Birren et al., 1993; Coughlin and Collins,
1985; DiCicco-Bloom et al., 1993). Unlike sympathetic
neurons, they cannot be rescued by NGF. Precursors iso-
lated from E14.5 rat sympathetic ganglia, however, can be
maintained by low doses of neurotrophin-3 (NT-3) (3 ng/ml)
(Belliveau et al., 1997; Birren et al., 1993; DiCicco-Bloom et
al., 1993) although similar treatment does not rescue NGF-
dependent sympathetic neurons isolated later in develop-
ment. Based on these results, it was hypothesized that NT-3
and NGF act sequentially in vivo, NT-3 to maintain divid-
ing precursors and NGF to maintain neurons (Birren et al.,
1993; DiCicco-Bloom et al., 1993). Rat sympathetic precur-
sors cultured in the absence of serum do not express TrkA
or become NGF-dependent. NT-3, at higher concentrations
than required to promote survival, induces cell cycle arrest
and, apparently as a consequence, TrkA expression and
NGF responsiveness (Verdi and Anderson, 1994). These
findings raise the possibility that NT-3 regulates the tran-
sition between dividing, NT-3-dependent precursors and
postmitotic NGF-dependent neurons. Similarly, in cell cul-
ture, NT-3, BDNF, and NT-4/5 transiently support trigemi-
nal neurons before they become NGF-dependent, and the
change in neurotrophin dependence appears to require as
yet unidentified environmental cues (Buchman and Davies,
1993; Buj-Bello et al., 1994; Davies, 1994).
The dynamic neurotrophin responsiveness of maturing
sympathetic precursors is accompanied by changes in the
pattern of neurotrophin receptor expression. The patterns of
expression of Trk receptors, which mediate the survival-
promoting effects of neurotrophins (Barbacid, 1994; Both-
well, 1995), mirror the patterns of neurotrophin responsive-
ness: TrkC, the preferred Trk receptor for NT-3, is
expressed in dividing precursors and decreases to nearly
undetectable levels by birth. mRNA encoding TrkA, a
functional receptor for NGF, can be detected as early as
E13.5 in mice and increases to high levels by birth (Birren et
al., 1993; DiCicco-Bloom et al., 1993; Fagan et al., 1996;
Wyatt and Davies, 1995; Wyatt et al., 1997). Sympathetic
neurons remain responsive to NT-3 after the change in
receptor expression from TrkC to TrkA because NT-3 can
elicit biological responses through TrkA in cell lines and
cultured sympathetic neurons at 10- to 100-fold higher
concentrations than required for TrkC activation (Belliveau
et al., 1997; Cordon-Cardo et al., 1991; Davies et al., 1995).
NGF and NT-3 interactions with TrkA are modulated by
Copyright © 1999 by Academic Press. All righthe low-affinity neurotrophin receptor (p75NTR), which in-
creases the selectivity of TrkA for NGF when the two are
coexpressed (Benedetti et al., 1993; Clary and Reichardt,
1994; Lee et al., 1994). p75NTR mRNA is expressed at very
ow levels in sympathetic ganglia during neurogenesis and
oes not increase in the ganglia until after E17 in mouse,
eaching adult levels only during the first postnatal week
Verdi and Anderson, 1994; Wyatt and Davies, 1995).
The 50% decrease in neuron number observed in the
uperior cervical ganglion (SCG) of postnatal NT-3 null
ice (Ernfors et al., 1994; Farinas et al., 1994) confirms that
T-3 has a significant role in sympathetic development in
ivo but when and how this deficit arises is unclear. Based
n tissue culture studies, in vivo either sympathetic pre-
ursors or sympathetic neurons (or both) could require
T-3. The two analyses of sympathetic development in
T-3-deficient mice published to date report conflicting
ata on when the deficit is first evident and therefore reach
ifferent conclusions concerning its origin. ElShamy and
olleagues (1996) have presented evidence for excessive
eath of dividing sympathetic precursors in the SCG of
T-3-deficient mice from the earliest stages of sympathetic
angliogenesis through the period of neuronal proliferation
nd argue that NT-3 is required for the survival of precur-
ors, but not neurons. In contrast, Wyatt et al. (1997)
xamined sympathetic ganglia of the same line of NT-3
utants later in development and observed no deficiency in
euron number at E16, the earliest stage they studied
orphologically. By estimating neuron number in the SCG,
hey detected a decrease in neuron number between E16
nd E18. Based on these data, they propose that precursor
urvival is unaffected in the mutant mice and that the
euronal deficit at P0 reflects neuron death occurring late
n embryogenesis.
To clarify the role(s) of NT-3 in determining sympathetic
euron number, we analyzed precursor and neuron num-
ers, mitosis, neuronal differentiation, and cell death
hroughout sympathetic development in the superior cervi-
al and stellate ganglia from a strain of mice bearing an
ndependently generated NT-3 mutation on a different
enetic background (Farinas et al., 1994). The results of the
present study show that NT-3 is not required to support
dividing precursors or to generate the full complement of
sympathetic neurons but that it is required for the survival
of the normal complement of postmitotic neurons. During
the time when neuron loss occurs in the mutants, we have
observed that NT-3 is expressed in sympathetic target
tissues, including blood vessels along which many sympa-
thetic axons grow. Because these results raised the possibil-
ity that NT-3 functions as a target-derived neurotrophic
factor, similar to NGF, we compared neuron number and
pyknosis in sympathetic ganglia from NT-3- and NGF-
deficient mice. We found that neuron loss appears to
coincide temporally in the two mutants, but is more severe
in NGF-deficient than in NT-3-deficient mice. In mice
lacking NGF with NT-3 reduced or absent, however, neu-
ron numbers are not further decreased from those in mice
s of reproduction in any form reserved.
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413Sympathetic Neurons Require NGF and NT-3lacking NGF. Taken together, these results suggest that
NT-3 is required together with NGF to maintain the full
complement of newly generated sympathetic neurons.
MATERIALS AND METHODS
Animals
The generation of animals in which the lacZ coding region
replaces the NT-3 coding exon (Farinas et al., 1994) and of those
with targeted disruption of the gene for NGF (Crowley et al., 1994)
has been previously described. Animals with a targeted disruption
of the NGF gene were obtained from Dr. Heidi Phillips (Genentech,
San Francisco, CA). NT-32/2 and NGF2/2 embryos and their
wild-type littermates were obtained from crosses of heterozygous
adult mice. Embryos with varying dosages of NGF and NT-3 were
obtained from crosses of doubly heterozygous adult mice (NT-
31/2; NGF1/2). Staging of timed pregnancies was determined by
plug date and confirmed according to external morphology (Thei-
ler, 1972). Genotypes were determined by PCR analysis of tail snip
DNA (primers: NT-3, 59AATTACCACAGCACCCTGC39, 59GTT-
TTTGACCGGCCTGGCTT39; lacZ, 59GGGACAGATTGAACC-
AGAAG39, 59CCACACTTATGACTTGCTTGT39; and NGF/Neo,
primer 1, 59TCACTCGGGCAGCTATTGG39, primer 2, 59GCAT-
GCCCGACGGCGAGGAT39, and primer3, 59CATAGCGTAAT-
GTCCATGTT39) with reagents from Gibco (Gaithersburg, MD) or
by Southern blot as described (Farinas et al., 1994).
Morphological Analyses
Ganglia to be embedded in plastic were immersed at least 24 h at
4°C in 2% paraformaldehyde, 2% glutaraldehyde in 0.1 M phos-
phate buffer. After being rinsed in phosphate buffer, tissue was
fixed in 2% osmium tetroxide in 0.1 M phosphate buffer for 2 h,
stained overnight at 4°C with 1% uranyl acetate, and embedded in
plastic resin (Araldite/Embed 812). One-micrometer sections were
stained with 0.5% toluidine blue in 35% ethanol. Cell counts were
performed every 40 mm at 4003 using the Neurolucida or Stereo-
nvestigator image analysis system. The same image analysis
ystem was used to collect data on all animals that were directly
ompared. Neurons with a nucleolus in the plane of the section
ere counted.
Embryos and neonates processed for paraffin embedding and cell
ounts were fixed by immersion in Carnoy’s solution (60% etha-
ol, 30% chloroform, 10% acetic acid). Either 7- (NT-3-deficient
nimals) or 10- (NGF-deficient animals) mm paraffin sections were
stained with cresyl violet. At E13.5, most cells express neuronal
markers and are either neuronal precursors or neurons that cannot
be readily distinguished in paraffin sections. Therefore, at that
stage we determined total ganglion cell number. From E15.5 to P0,
neurons were identified by their large round or oval nuclei with one
or more large nucleoli and could be readily distinguished from
precursors, glial cells, and endothelial cells, which have small,
irregular, or elongated nuclei. At E13.5 and E15.5, the SCG and
stellate ganglia were photographed in every fourth section, and
cells or neurons with a nucleus and nucleolus in focus in the
photographs were counted (final magnification: 4503). The SCG
and stellate ganglia from E17.5 and P0 animals were counted
directly from slides using the Neurolucida Image analysis system;
counts were performed as described above for plastic sections using
a single plane of focus for each section. Neuron numbers for whole
Copyright © 1999 by Academic Press. All rightganglia were calculated by summing counts from the individual
sections and multiplying by 4 (because every fourth section was
counted). Numbers were compared between 1/1 and 2/2 animals
t each age using the Student t test. Since cell counts were not
orrected for cell size changes during development, they cannot be
ompared between ages. The percentage of the number of cells or
eurons observed in mutant compared to wild-type ganglia was
alculated by dividing the neuron number obtained from individual
anglia from mutant mice by the average for the wild-type animals
f the same age; these percentages were then averaged.
Images for cell area determination were collected from paraffin
ections through the SCG of the P0 animals used for neuron
ounts. Areas were determined using NIH Image to trace the cell
erimeters and calculate areas. In each section, all neurons con-
aining a nucleus with a clear nucleolus and whose borders could
e clearly distinguished were measured. One to three nonadjacent
ections through the center of the ganglia from three animals of
ach genotype were analyzed and at least 500 cells were measured
er animal.
For histological detection of b-galactosidase activity, animals
were immersed for 2–4 h in or perfused with 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4, and rinsed in phosphate buffer.
Tissues for frozen sections were infiltrated with 30% sucrose in 0.1
M phosphate buffer. Whole embryos or pups, dissected sympathetic
targets, or 20- to 30-mm frozen sections were incubated 12–24 h in
b-galactosidase staining solution (20 mM MgCl2, 0.02% NP-40,
0.01% deoxycholic acid, 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 0.1 mg/ml X-gal in PBS, pH7.3) at 30–37°C,
rinsed in PBS, and mounted in PBS–glycerol. For immunohisto-
chemistry combined with lacZ staining, sections stained for lacZ
were postfixed in 4% paraformaldehyde and incubated in rabbit
anti-tyrosine hydroxylase (TH; PelFreez, Rogers, AR) diluted 1:200
in dilution buffer (2% BSA, 0.3% Triton X-100, 0.1% sodium azide
in PBS). Immunoreactivity was detected with diaminobenzidine
(Sigma, St. Louis, MO) using the VectaStain ABC kit (Vector
Laboratories, Burlingame, CA). Immunohistochemical detection of
sympathetic axons using anti-tyrosine hydroxylase was performed
as above except that goat anti-rabbit IgG conjugated to Oregon
green (Molecular Probes, Eugene, OR) was used in place of the
VectaStain ABC reagents. Slides were mounted in PBS–glycerol
after rinsing in PBS.
RESULTS
Morphology of Developing Sympathetic Cells
in the Presence and Absence of NT-3
As a first step in elucidating the role of NT-3 in sympa-
thetic development, we compared the morphology of cells
in the SCG of NT-3-deficient and wild-type mice at several
embryonic stages in 1-mm plastic sections (Fig. 1). We chose
to begin our analysis at E13.5, when sympathetic ganglia
have coalesced and contain mainly mitotic precursors
(Fernholm, 1971; Rubin, 1985), because of the likelihood
that NT-3 would be required early in sympathetic develop-
ment. At E13.5, ganglia were small and contained small,
darkly stained cells with centrally located nuclei contain-
ing multiple small nucleoli or patches of densely stained
heterochromatin (Fig. 1A). Most neurogenesis in the mouse
SCG has occurred by E15.5 (Fagan et al., 1996). At E15.5,
the majority of SCG cells, although noticeably smaller than
s of reproduction in any form reserved.
0414 Francis et al.FIG. 1. (A–H) Morphology of sympathetic neurons in SCG of wild-type (A–D) and NT-3-deficient (E–H) mice in 1-mm toluidine
blue-stained plastic sections. (A and E) E13.5; (B and F) E15.5; (C and G) E17.5; (D and H) P0. Arrowheads point to mitotic figures and arrows
to pyknotic or degenerating cells. Scale bar, 10 mm. (I) Histogram of cross-sectional areas of neurons from SCG of P0 animals. The mean
neuronal area was significantly smaller in SCG from NT-3 2/2 mice than in those from wild-type mice (1/1, 60 6 0.83 mm2; 2/2, 54 6
.73 mm2; P , 0.0001).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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415Sympathetic Neurons Require NGF and NT-3mature sympathetic neurons, possessed a characteristic
neuronal morphology, with a larger, less densely stained
nucleus than at E13.5 and a small number of nucleoli (Fig.
1B). At E17.5, the neurons had larger nuclei and increased
cytoplasmic volume. Glial cells or their precursors were
identifiable throughout the ganglia at E17.5, often in clus-
ters as previously reported for rat (Fig. 1C; Hall and Landis,
1992). Mitotic figures were rare at this age, consistent with
the fact that neurogenesis is largely complete, and the
major period of gliogenesis has not yet begun (Fagan et al.,
1996). By E17.5, tyrosine hydroxylase-immunoreactive
sympathetic axons were present in many target tissues,
including the submandibular gland, heart, and intrascapular
brown adipose tissue (data not shown; see also Rubin,
1985). At P0, the neurons were large and possessed eccen-
tric nuclei; some were associated with satellite glial cells
(Fig. 1D). Finally, although the major period of naturally
occurring cell death, at least in rat, is thought to occur
postnatally (Wright, 1983), pyknotic profiles, indicative of
dying cells, were evident throughout the ganglia from as
early as E15.5.
No differences in the morphologies of sympathetic pre-
cursors or newly generated postmitotic neurons were ob-
served between the SCG of wild-type mice and those
lacking NT-3 at E13.5 or E15.5 (Figs. 1E and 1F). This
suggests that sympathetic neurogenesis and the early stages
of neuronal differentiation were not significantly disrupted
in the absence of NT-3. There was no evidence for cell
death in ganglia from wild-type or NT-3-deficient animals
until E15.5, at which time scattered pyknotic profiles were
present. Morphological differences between neurons in the
SCG of mice lacking NT-3 and those from wild-type mice
were apparent at E17.5 (Figs. 1G and 1H; see also Fig. 2). At
this age, the SCG from control animals contained many
differentiating neurons while those from mice lacking
FIG. 1—ContinuedNT-3 appeared to contain a greater proportion of neurons
that were smaller and at an earlier stage of differentiation.
n
Copyright © 1999 by Academic Press. All rightt P0, differences between ganglia from mice of the two
enotypes were more pronounced (Figs. 1D and 1H). When
he cross-sectional areas of neurons were measured in
araffin sections of the SCG of P0 animals from both
enotypes, the ganglia of mice lacking NT-3 contained both
arge and small neurons, similar to those from wild-type
ice, but the distribution of areas was shifted toward
maller sizes (Fig. 1I) and the mean neuron area was
ignificantly less in the mutant ganglia. Many pyknotic
ells were present in ganglia from NT-3 null mice (Table 1;
igs. 1G and 1H), as well as darkly stained, shrunken
eurons apparently in early stages of degeneration.
NT-3 Is Not Required for Survival of Sympathetic
Precursors, but Is Required for Sympathetic
Neuron Survival
To determine when sympathetic ganglia from NT-3-
deficient mice first contain fewer sympathetic neurons or
precursors than control ganglia, total cells were counted in
the SCG from wild-type and NT-3-null mice at E13.5 and
neurons at E15.5, E17.5, and P0. Initially, counts at E13.5
and E15.5 were performed on paraffin sections and no
statistically significant differences were detected in the
number of cells (E13.5) or neurons (E15.5) (Table 1A; Fig. 2E)
in ganglia from wild-type compared to those from NT-3-
deficient mice.
If NT-3 were important to support the survival of divid-
ing sympathetic precursors, one would predict that NT-3-
deficient animals would have fewer neurons at E15.5 when
most neurons have been born. Thus, this age is crucial in
distinguishing an early effect on precursors from a later
effect on neurons. Because we encountered difficulty in
counting immature sympathetic neurons in paraffin sec-
tions at E15.5 when the cells are small and tightly packed,
we wished to confirm that there were no differences be-
tween wild-type and NT-3-deficient mice at this age using
optimally prepared material. Therefore, a second set of SCG
from NT-3-null and wild-type E15.5 embryos was embed-
ded in plastic and the number of neurons were counted in
1-mm sections (Table 1B). Consistent with the counts
btained from paraffin sections and the absence of morpho-
ogical differences in the plastic sections, no statistically
ignificant difference in neuron number was found between
he two genotypes. In fact, one of the NT-3-deficient
nimals analyzed had many more neurons than any of the
ild-type animals. The other animals had numbers similar
o those of wild type, as was seen in the analysis of paraffin
ections. When mitotic spindles and pyknotic profiles were
ounted in both paraffin and plastic sections, we found that
either the proportion of the population proliferating nor of
hat undergoing cell death was altered by the absence of
T-3 (Tables 1A and 1B; Figs. 2F and 2G). Thus, our
nalysis of early sympathetic development provides evi-
ence that neither precursor survival and proliferation nor
eurogenesis requires NT-3.
Although the SCG is the most intensively studied sym-
s of reproduction in any form reserved.
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417Sympathetic Neurons Require NGF and NT-3pathetic ganglion, recent data indicate that it differs from
the rest of the paravertebral sympathetic chain in several
respects. It is derived from cranial, rather than thoracic or
lumbar, neural crest (Durbec et al., 1996b) and its precur-
sors require trophic support from members of the glial-
derived neurotrophic factor (GDNF) family (Durbec et al.,
1996a; Moore et al., 1996). Therefore, we examined a
second large ganglion, the stellate ganglion. Cells at E13.5,
and neurons at older ages, were counted, and as in the case
of the SCG, cell numbers at E13.5 and E15.5 in mutant were
FIG. 2. Analysis of sympathetic ganglia from NT-32/2 mice. (A–
and C) and NT-3-2/2 (B and D) mice at E17.5 (A and B) and P0 (C
ndicate % wild type number of neurons, except at E13.5 when to
f counts from at least 3 animals 6 SEM. (F) Mitotic spindles were
E15.5 and later) number. (G) Pyknotic cells were counted in the sa
ABLE 1
nalysis of Sympathetic Ganglia in NT-32/2 Mice
A. Superior cervical g
Age No. cells/neurons 6sem (n)
E13.5 1/1 5863 6 3460 (3)
2/2 7561 6 1005 (3)
E15.5 1/1 6034 6 395 (4)
2/2 6356 6 338 (4)
E17.5 1/1 18,739 6 3154 (4)
2/2 12,056 6 1124 (3)
P0 1/1 16,536 6 1046 (3)
2/2 8427 6 1018 (3)
B. Superior cervical
Age No. neurons 6sem (n)
E15.5 1/1 14,643 6 823 (3)
2/2 21,261 6 5041 (3)
C. Stellate gangl
Age No. cells/neurons 6sem (n)
E13.5 1/1 4859 6 1542 (3)
2/2 5991 6 391 (4)
E15.5 1/1 3399 6 483 (4)
2/2 3500 6 291 (6)
E17.5 1/1 16,588 6 2686 (3)
2/2 12,977 6 2085 (3)
P0 1/1 18,236 6 2438 (3)
2/2 11,616 6 1064 (2)
Note. P values represent comparison of neuron or cell numbers be
t test. Numbers were not compared between ages because of chang
in 5 of the 6 animals used for plastic sections (B) and the two numbalculated as the number of pyknotic cells per 1000 neurons in ganglia
ice.
Copyright © 1999 by Academic Press. All rightimilar to those of wild-type stellate ganglia (Table 1C, Fig.
E).
As predicted by the morphological analysis, the first
ifference in neuron number between the SCG of wild-type
nd NT-3-deficient animals was detected at E17.5. Neuron
ounts were performed in paraffin sections at E17.5 and P0,
hen neurons can be readily distinguished from other
anglionic cells (Fig. 2). Although the morphological
hanges in neurons are not as apparent in paraffin sections
s in plastic sections, glial cells and pyknotic profiles are
resyl violet-stained paraffin sections through SCG of wild-type (A
D). Arrowheads point to pyknotic cells. Scale bar, 10 mm. (E) Bars
lls were counted (see Materials and Methods) and are the average
ted in the same sections used to determine cell (E13.5) and neuron
ections used to determine neuron number. The pyknosis ratio was
ion–paraffin sections
P Pyknotic cells 6sem Mitotic cells 6sem
.10 0 79 6 5
0 100 6 28
.28 218 6 39 57 6 19
236 6 51 55 6 22
.07 364 6 44 53 6 16
584 6 102 57 6 24
.003 332 6 101 16 6 7
556 6 185 16 6 6
ion–plastic sections
P Pyknotic cells 6sem Mitotic cells 6sem
.13 188 6 27 87 6 10
386 6 176 67 6 13
araffin sections
P Pyknotic cells 6sem Mitotic cells 6sem
.20 0 73 6 11
0 97 6 8
.43 181 6 34 34 6 17
141 6 28 33 6 5
.17 117 6 38 24 6 2
315 6 78 23 6 4
.07 180 6 76 40 6 14
298 6 118 50 6 30
n ganglia from 1/1 and 2/2 animals at each age using the Student
neuron size (see Materials and Methods). Both SCG were counted
ere averaged for each animal; n represents the numbers of animals.D) C
and
tal ce
coun
me sangl
0
0
0
0
gangl
0
ion–p
0
0
0
0
tweeof NT-32/2 mice compared to the number in ganglia of wild-type
s of reproduction in any form reserved.
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418 Francis et al.more obvious (compare Figs. 1G and 1H to 2C and 2D).
Mice lacking NT-3 had only 64% as many SCG neurons as
wild-type mice at E17.5 (Fig. 2E) and had a corresponding
increase in pyknotic profiles (Fig. 2G). Increased cell death
and fewer neurons were also found in the stellate ganglion
of NT-3-deficient mice (Table 1C; Figs. 2E and 2F). At P0, as
previously reported (Farinas et al., 1994), NT-3-deficient
animals have a 50% decrease in SCG neuron number. A
more than threefold increase in pyknotic profiles was
detected in NT-3-deficient mice compared to wild-type
controls at P0 (Table 1). The number of mitotic spindles,
which at E17.5 and P0 are likely to correspond mainly to
dividing glial precursors (Hall and Landis, 1992; Hendry,
1977), was similar for the two genotypes (Table 1). Com-
parison of developing sympathetic ganglia from wild-type
and NT-3-deficient mice thus indicates that the deficit
present at P0 is due to excessive neuronal death late in
embryogenesis. Because expression of TrkC is low and
TrkA expression is high at E17.5 and later (Birren et al.,
1993; DiCicco-Bloom et al., 1993; Fagan et al., 1996; Wyatt
et al., 1997), NT-3 likely signals through TrkA to promote
survival. This notion is consistent with the finding that
mice lacking TrkC do not have sympathetic deficits (Fagan
et al., 1996; Tessarollo et al., 1998).
NT-3 Is Expressed in Peripheral Tissues but Not
Sympathetic Ganglia Late in Embryogenesis
Having ascertained that the sympathetic deficit resulting
from a lack of NT-3 is not detectable until E17.5, it was
important to determine the potential source(s) of NT-3 for
sympathetic neurons at this stage. The lacZ gene that was
inserted in place of the NT-3 gene in mutant mice allows
detection of sites of NT-3 mRNA expression via
b-galactosidase histochemistry in mice carrying one or two
copies of the disrupted NT-3 gene. As previously described,
NT-3 is synthesized around sympathetic ganglia before E15
(data not shown; Verdi et al., 1996); however, NT-3 expres-
sion in or around sympathetic ganglia was not detected at
E15.5 or later with the exception of rare lacZ-positive cells
in the SCG. As indicated in Table 2, NT-3 is expressed in
some but not all targets of the SCG and stellate ganglion at
E17.5 and P0, including blood vessels (Scarisbrick et al.,
993), submandibular gland, pineal gland, and ear (see also
rnfors et al., 1990). In NT-3-expressing glands, expression
as limited to cells in secretory tubules and ducts (Figs. 3C
nd 3E). Expression in the ear was intense and widespread,
lthough the sympathetic innervation in the ear is re-
tricted to the array of small blood vessels. In the eye, the
ost intense NT-3 expression was detected in the iris,
lthough positive cells were also present in the retina and
ornea. The robust expression of NT-3 in smooth muscle
ells of blood vessels (Fig. 3) (Scarisbrick et al., 1993) is of
particular interest; the sympathetic chain forms along the
dorsal aorta and the SCG forms in the bifurcation of the
carotid artery, many sympathetic axons in peripheral nerve
trunks follow the vasculature into and through tissues, and
i
n
Copyright © 1999 by Academic Press. All rightrteries are an important sympathetic target. As shown in
ig. 3A, sympathetic axons exit the ganglion in close-
roximity to large NT-3-expressing blood vessels and
ourse along them to target areas. NT-3 from the dorsal
orta and carotid artery could diffuse into sympathetic
anglia at early embryonic stages. Because of the increasing
istance between the major vessels and the ganglia as well
s the ensheathing connective tissue present at later em-
ryonic ages, however, it is more likely that neurons
etrogradely transport NT-3 derived from blood vessels and
arget tissues.
NT-3 and NGF Are Required at Similar
Developmental Stages
The findings that NT-3 is required late in embryogenesis
and is strongly expressed in peripheral tissues suggest that
it may function in a manner similar to NGF and use the
same receptor, since TrkA is the major neurotrophin recep-
tor expressed in sympathetic neurons at this stage (Birren et
al., 1993; DiCicco-Bloom et al., 1993; Fagan et al., 1996;
Wyatt et al., 1997). In NGF-deficient animals, increased
yknosis was not detected until at least E16.5 (Hong Zhang
nd S.C.L., unpublished observation) and neuron counts
TABLE 2
NT-3 Expression in the Sympathetic Nervous System and
Peripheral Tissues
Tissue E17.5 P0
ympathetic ganglia 2 2
uperior cervical ganglion targets
Submandibular gland 1 1
Iris 11 n.d.
Extraorbital lacrimal gland 11 11
Harderian gland 1 1
Ear 11 11
Pineal gland 11 11
Thyroid gland 2 2
Thymus 2 2
Blood vessels 1 1
tellate ganglion targets
Thymus 2 2
Blood vessels 1 1
Intrascapular brown adipose tissue 2 2
Atrium 2 2
Ventricle 2 2
Aorta 11 11
Note. NT-3 expression was inferred from b-galactosidase histo-
chemistry, which localizes expression of the lacZ gene that re-
places the NT-3 gene. Both heterozygous and homozygous mutants
were analyzed, with similar results except that the staining was
more intense in homozygotes. Tissue from at least three animals
was examined at each age. n.d., not determined.ndicate that neuronal losses due to the absence of NGF are
ot evident at either E15.5 or E16.5 (C.B. and S.C.L.,
s of reproduction in any form reserved.
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419Sympathetic Neurons Require NGF and NT-3unpublished results). This suggests that excessive neuronal
loss in NGF-deficient mice begins between E16.5 and E17.5,
similar to that for NT-3-deficient mice. To explore the
possibility that NT-3 and NGF act at the same stage of
sympathetic development, neuronal numbers in the SCG
and stellate ganglia were compared at E17.5 and P0 in mice
lacking NGF. At E17.5, although differentiated neurons
were present in ganglia of NGF-deficient mice, the ganglia
contained only 39% as many sympathetic neurons as their
wild-type littermates and pyknotic profiles were increased
fourfold (Table 3, Fig. 4F). There was a similar but less
severe reduction of 35% in neuron number in stellate
ganglia (Table 3, Figs. 4E and 4F). By P0, the SCG of the
mutant animals contained mainly glial cells (Figs. 4B and
4D). Consistent with the reduction in SCG volume previ-
ously reported (Crowley et al., 1994), mice lacking NGF had
FIG. 3. b-Galactosidase (b-gal) histochemistry to visualize sites of
Note large, TH-positive axon fascicles exiting the ganglion and trav
C) Whole-mount b-gal histochemistry of the heart (B) and extr
TH-immunostained axons (arrow) associated with an NT-3-positiv
sympathetic target tissue that does not express NT-3. The brown
activity. Magnification 1003. (E) A sagittal section through the iris
in association with NT-3-positive submandibular gland cells (F) an
903 (F) and 1803 (G). (A, D, E, and F) E17.5 NT-31/2 (B and D) Pmore than a 90% decrease in neuron number in the SCG at
P0 (Table 1; Fig. 4E) and increased pyknosis (Fig. 4F). A
Copyright © 1999 by Academic Press. All rightlightly larger proportion of neurons (30%) remained in the
tellate ganglion at P0. Neuron loss in mice lacking NGF
hus coincides in time with, but is more severe than, that in
ice lacking NT-3. Therefore, because almost all SCG
eurons are lost by birth in the absence of NGF, and half of
hem in the absence of NT-3, the vast majority of neurons
hat require NT-3 must also require NGF at some stage
rior to P0.
Sympathetic Loss in NGF-Deficient Mice Is Not
Exacerbated by Decreases in NT-3
The requirement for NGF for the survival of almost all
sympathetic neurons and NT-3 for the survival of half could
be explained in at least three ways. First, NT-3 could
transiently support some sympathetic neurons independent
3 expression. (A) A section through SCG stained for b-gal and TH.
along the NT-3-positive carotid artery. Magnification 183. (B and
tal lacrimal gland (C). Magnification 133 (B) and 353 (C). (D)
od vessel coursing through intrascapular brown adipose tissue, a
on the tissue are blood cells that express endogenous peroxidase
nification 5003. (F and G) TH-positive sympathetic fibers (arrows)
od vessels coursing through peripheral tissues (G). Magnification
-32/2.NT-
eling
aorbi
e blo
spots
. Magof NGF. Second, the same neurons which require NT-3
could also require NGF. Finally, NT-3 may have an essen-
s of reproduction in any form reserved.
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420 Francis et al.tial role in the development of some NGF-dependent sym-
pathetic neurons that does not involve a direct effect on
neuron survival. To determine whether NT-3 can support
sympathetic neuron survival in vivo independent of NGF,
SCG from E17.5 mice lacking NGF were compared to those
from mice lacking NGF and one or both NT-3 alleles. If
NT-3 normally maintains some sympathetic neurons dur-
ing embryogenesis independent of NGF, reducing NT-3
levels should exacerbate neuronal losses in mice lacking
NGF. In contrast, if the same neurons that require NT-3
also require NGF prior to E17.5, or if the role of NT-3 in
neuronal survival is indirect, decreasing or eliminating
NT-3 might not affect neuronal survival in the absence of
NGF.
No differences were detected in the average number of
neurons in the SCG among E17.5 NGF-deficient mice that
had varying gene doses of NT-3 (Fig. 5; Table 4) when 1-mm
plastic sections were analyzed. Consistent with E17.5 being
near the peak of sympathetic neuron loss in both NGF- and
NT-3-deficient mice, neuron number in NGF-deficient gan-
glia was quite variable, even among mice with the same
NT-3 genotype. Although we pooled neuron counts from
ganglia obtained from five litters of animals to obtain the
averages shown in Fig. 5, we were concerned that the
variability, particularly related to slight differences in tim-
ing, might obscure small differences in neuron number
between genotypes. Even when neuron numbers in the SCG
of NGF-deficient animals with varying doses of NT-3 were
compared within individual litters, however, we did not
detect significant differences. Therefore, we conclude that
decreasing or eliminating NT-3 in the absence of NGF
does not further exacerbate neuronal losses in the SCG at
E17.5 (Table 4). Cell death, assessed by the number of
pyknotic figures, was also not increased in NGF2/2 ani-
mals lacking one or both NT-3 alleles (Table 4) compared
to those lacking NGF alone. It should be noted, however,
that of the 9 NGF2/2;NT-31/2 animals we analyzed, 2
had at least a 50% reduction in neuron number compared
with NGF2/2;NT-31/1 animals, and the neurons had
abnormal morphologies, although none of the NGF2/2;
NT-32/2 had this phenotype. Taken together, these results
do not provide evidence for an NGF-independent survival-
promoting role for NT-3. They do not, however, rule out the
possibility that NT-3 has an NGF-independent role slightly
later in development, although the dependence of most of
the neurons on NGF at this time (Table 3) makes this less
likely.
NT-3 Affects Axon Outgrowth and Target
Innervation
NT-3 can stimulate sympathetic neurite outgrowth both
in culture and in vivo (Belliveau et al., 1997; ElShamy et al.,
1996), and we find that NT-3 is highly expressed in blood
vessels that are adjacent to sympathetic ganglia and that
some sympathetic axons follow to their target tissues or
innervate (Figs. 3A and 3G). Therefore one way NT-3 could
Copyright © 1999 by Academic Press. All rightromote NGF-dependent survival is by stimulating or sup-
orting axon outgrowth to NGF-expressing target tissues.
o examine this possibility, we compared outgrowth of
ympathetic axons from the SCG to a nearby target, the
alivary gland, by tracing sympathetic axon trajectories in
erial sections from E17.5 embryos that were NGF2/2;NT-
1/1 or NGF2/2;NT-31/2. Similar to what was found for
euron numbers, we found a variable innervation pheno-
ype. Figure 6 shows several examples from each genotype
hich represent the range of phenotypes observed. In three
f five NGF2/2;NT-31/1 (Figs. 6A and 6B) animals we
bserved relatively robust growth of TH-immunoreactive
xons to the salivary gland and axons within the gland
tself. In the other two animals analyzed, a small number of
xons were detected near the salivary gland and none
ithin it. In NGF2/2;NT-31/2 animals, we also observed
variable phenotype; of the eight animals we analyzed,
owever, none approached the level of innervation present
n NGF2/2;NT-31/1 animals (Figs. 6C–6E). In one case,
xons could be seen reaching and entering the gland (Fig.
E), but in most cases, there were very few or no axons
long the pathway and no gland innervation. In NGF2/2;
NT-31/1 animals, axons were typically found in thick
fascicles, even when innervation was sparse, while in
NGF2/2;NT-31/2 animals, TH-immunoreactive axon
fascicles were thinner. These results suggest that reducing
NT-3 levels in the absence of NGF disrupts axonal growth
and target innervation and are consistent with the possibil-
ity that the presence of NT-3 is important to help axons
reach NGF-expressing targets.
DISCUSSION
TABLE 3
Analysis of Sympathetic Ganglia in NGF2/2 Mice
A. Superior cervical ganglion
Age
No. neurons 6sem
(n) P
Pyk. cells
6sem
E17.5 1/1 9948 6 455 (3) #0.001 135 6 24
2/2 3863 6 312 (3) 563 6 26
P0 1/1 8273 6 1497 (4) #0.001 511 6 99
2/2 719 6 111 (4) 332 6 143
B. Stellate ganglion
E17.5 1/1 10,373 6 1099 (4) 0.011 63 6 1
2/2 6660 6 531 (4) 371 6 53
P0 1/1 10,409 6 1681 (3) 0.007 291 6 42
2/2 3048 6 560 (3) 221 6 46
Note. P values represent comparison of neuron numbers between
ganglia from 1/1 and 2/2 animals at each age using the Student t
test.We have presented several lines of evidence in support of
the hypothesis that NT-3 is important for the survival of
s of reproduction in any form reserved.
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421Sympathetic Neurons Require NGF and NT-3immature sympathetic neurons rather than of sympathetic
precursors. Morphological analysis and neuron counts of
the relevant developmental stages indicate that sympa-
thetic precursor survival, proliferation, and neuronal differ-
entiation proceed normally in mice lacking NT-3, but that
the lack of NT-3 leads to excessive neuronal death late in
embryogenesis, when axons are growing to or arriving at
their targets. While the initial study of sympathetic gan-
glion development in a different line of NT-3-deficient mice
described fewer SCG cells and excessive death during
neurogenesis (E11–E14) (ElShamy et al., 1996), a subsequent
FIG. 4. Analysis of sympathetic ganglia of NGF2/2 mice. (A–D) C
C) and NGF2/2 (B and D) mice at E17.5 (A and B) and P0 (C and
ndicate % wild-type number of neurons and are the average of coun
n the same sections used for neuron counts and the pyknosis ratianalysis of mice derived from the same line revealed a
reduction in neuron number only at a later stage, between
Copyright © 1999 by Academic Press. All rightE16 and E18 (Wyatt et al., 1997). We have compared neuron
number in NT-3-deficient and wild-type mice from E13.5 to
P0 and find that differences between NT-3-null and wild-
type mice are first evident at E17.5, consistent with the
more limited analysis of Wyatt et al. (1997). The absence of
statistically significant differences at E13.5 and E15.5 elimi-
nates the possibility that early deficits also exist in NT-3
mutants. During the time that neurons are lost in the NT-3
mutants, NT-3 is available to the terminals of growing
axons because it is expressed in blood vessels that some
sympathetic axons have grown along as well as in a number
l violet-stained paraffin sections through SCG of wild-type (A and
rrowheads point to pyknotic cells and scale bar is 10 mm. (E) Bars
m at least three animals 6 SEM. (F) Pyknotic profiles were counted
s calculated as for Fig. 2G.resy
D). Aof target tissues that are innervated by sympathetic neu-
rons. NGF, also synthesized in target tissues, is required for
s of reproduction in any form reserved.
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422 Francis et al.survival of sympathetic neurons during the same develop-
FIG. 5. Neuron counts in SCG from NGF2/2;NT-31/1, NGF2/2
blue-stained plastic sections through the SCG of an E17.5 NGF2/2;N
NGF2/2;NT-32/2 mouse (C). Scale bar is 10 mm. (D) Bars indicatemental period. Our results, and those of Wyatt et al. (1997),
provide compelling evidence that endogenous NGF is not
t
c
Copyright © 1999 by Academic Press. All rightufficient for survival of the full complement of sympa-
-31/2, and NGF2/2;NT-32/2 mice. (A, B, and C) 1-mm toluidine
1/1 mouse (A), an E17.5 NGF2/2;NT-31/2 mouse (B), or an E17.5
verage number of neurons in the SCG of mutant mice 6 SEM.;NThetic neurons developing in vivo because loss of NT-3
auses excessive neuronal death at the same time that NGF
s of reproduction in any form reserved.
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423Sympathetic Neurons Require NGF and NT-3is required for sympathetic neuron survival. Analysis of
NGF/NT-3 compound mutants suggests that although
NT-3 and NGF both make essential contributions to sym-
pathetic neuron survival, the same neurons which require
NT-3 also require NGF before E17.5. This dual dependency
could reflect the fact that the effect of NT-3 on sympathetic
neuron survival is dependent on NGF or that there is a
sequential requirement for NT-3 and NGF.
Earlier studies have suggested that NT-3 is important for
survival and/or maturation of dividing sympathetic precur-
sors in vitro (Birren et al., 1993; DiCicco-Bloom et al., 1993;
erdi and Anderson, 1994) and in vivo (ElShamy et al.,
996). Our results, however, indicate that sympathetic
recursors are present in normal numbers and that their
urvival, proliferation, and differentiation are not perturbed
n the absence of NT-3. Because, in some cases, we found an
ncrease in neuronal numbers in sympathetic ganglia from
ice lacking NT-3 at E13.5 and E15.5, we cannot exclude
he possibility that NT-3 contributes to early determina-
ion of sympathetic neuron number. It is also possible that
T-3 supports survival of proliferating precursors, but at
ater developmental stages (E17.5) than predicted. We think
his is unlikely because most sympathetic neurons have
een born by this age (Hendry, 1977). Second, the similar
umbers of mitotic figures between NT-3-deficient and
ild-type mice do not support the idea that dividing pre-
ursors are dying. Rather, the increase in pyknotic figures in
T-3-deficient mice at E17.5 correlates well with the
ecrease in neuron number (Table 1).
The results of our analysis of early sympathetic develop-
TABLE 4
Analysis of SCG in NGF/NT-3 Compound Mutants
A. SCG neuron numbers
Genotype
No. neurons
6sem (n) P
Pyknotic cells
6sem (n)
NGF2/2; NT-31/1 23,171 6 5741 (8) n.a. 934 6 147
NGF2/2; NT-31/2 23,665 6 4373 (9) 0.66 1556 6 229
NGF2/2; NT-32/2 18,792 6 2106 (3) 0.95 967 6 214
B. SCG, % of littermates
Genotype
Average % of
lm 6sem (n)
Pyknotic cells/
1000 neurons
NGF2/2; NT-31/1 n.a. 50 6 9 (8)
NGF2/2; NT-31/2 90 6 18 (5) 70 6 6 (9)
NGF2/2; NT-32/2 106 6 10 (3) 51 6 8 (3)
Note. Average % of lm, the % of littermates. The n value is
reduced for NGF2/2; NT-31/2 in B compared to A because not all
animals have matching littermates. NGF2/2; NT-31/2 animals
were compared to NGF2/2; NT-31/1 littermates. NGF2/2;
NT-32/2 animals were compared to either NGF2/2; NT-31/1 or
NGF2/2; NT-31/2 littermates.ent in NT-3-deficient mice do not match those of
lShamy et al. (1996), who found massive death of dividing
N
p
Copyright © 1999 by Academic Press. All rightrecursors early in sympathetic development, but are con-
istent with those of Wyatt et al. (1997) who suggested that
the early loss previously reported was either erroneous or
ue to a different genetic background.” The finding that
T-3 is sufficient to support sympathetic precursors in
ulture, but not necessary to support them in vivo, could
eflect redundancy with other growth factors. For example,
eceptors for members of the GDNF family and for hepato-
yte growth factor have been implicated in sympathetic
recursor development and survival (Durbec et al., 1996b;
aina et al., 1998; Moore et al., 1996). Because culture
tudies implicating NT-3 in sympathetic precursor survival
sed rat cells, and in vivo studies were carried out in mice,
t is also possible that sympathetic precursors from the two
pecies differ in their growth factor requirements.
The finding that some sympathetic neurons, but not their
recursors, are dependent on NT-3 for survival raises the
uestion of how NT-3 acts to support survival. In vitro
tudies of the actions of NT-3 on sympathetic neurons
uggest it can promote sympathetic neuron survival di-
ectly, but only at much greater concentrations than re-
uired to activate its high-affinity receptor TrkC. This is
onsistent with the low level of TrkC expression detected
n sympathetic neurons at late embryonic and early post-
atal stages (Birren et al., 1993; DiCicco-Bloom et al., 1993;
agan et al., 1996; Wyatt and Davies, 1995; Wyatt et al.,
997) and suggests that these survival-promoting effects of
T-3 are mediated by an alternative receptor. SCG neuro-
al numbers are not reduced in mice lacking the kinase
omain of TrkC (Fagan et al., 1996) or the complete TrkC
eceptor (Tessarollo et al., 1997), further suggesting that
T-3-mediated survival via TrkC activation is not essential
or sympathetic precursor survival. Instead, TrkA, rather
han TrkC, is likely to mediate the essential NT-3 signals.
t high concentrations, NT-3 can activate TrkA, and NT-3
aintains TrkC-null sympathetic neurons as efficiently as
ild-type sympathetic neurons in culture (Belliveau et al.,
997; Birren et al., 1993; Davies et al., 1995; Lee et al., 1994;
erdi and Anderson, 1994). In a careful comparison with
GF, however, it was found that the effects of NT-3 are
ualitatively different from those of NGF even though both
equire TrkA signaling. Thus, NT-3 induced similar levels
f TrkA phosphorylation as saturating doses of NGF, but
id not support similar levels of survival at any of a range of
oncentrations tested (Belliveau et al., 1997). In contrast to
ts weak survival-promoting activity, in these same assays,
T-3 promoted neurite outgrowth and upregulated expres-
ion of certain genes as effectively as NGF and did so
hrough activation of TrkA.
Although both NT-3 and NGF are required between
15.5 and E17.5 for survival of the full complement of
eurons (the present study; C. Brennan, unpublished obser-
ation), reduction or elimination of NT-3 in mice that lack
GF does not exacerbate neuronal losses during this period.
his indicates that the neurons whose survival depends on
T-3 prior to E17.5 also require NGF. There are several
ossible mechanisms that could account for this dual
s of reproduction in any form reserved.
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424 Francis et al.dependency. One is that the weak survival-promoting ac-
tivity of NT-3 on sympathetic neurons is relevant in vivo
and that the NT-3-dependent subpopulation of sympathetic
FIG. 6. Innervation of salivary gland of NGF2/2;NT-31/1 and
ntibodies to tyrosine hydroxylase to identify sympathetic axons. T
n the section containing the maximal number of axons after comp
A. In each case, the ganglion is on the left (not shown), while the gl
NGF2/2;NT-31/2. A and C represent the least amount of inne
innervation seen for each genotype. Arrowheads point out thick ax
axon bundles in NGF2/2;NT-31/2 animals (C–E). Scale bar, 120neurons is dependent on NGF and NT-3, simultaneously or
sequentially. Another possible role of NT-3 that is sup-
f
t
Copyright © 1999 by Academic Press. All rightorted by studies in vitro is induction of NGF responsive-
ess. Although we cannot formally rule out the possibility
hat in the absence of NT-3 in vivo, sympathetic neurons
2/2;NT-31/2 mice. 30-mm sections were immunostained with
athway between the SCG and the salivary gland was photographed
serial sections. Note that this pathway is the same as that in Fig.
s on the right. (A and B) Examples of NGF2/2;NT-31/1 and (C–E)
ion seen for these genotypes, while B and E represent the most
scicles in NGF2/2;NT-31/1 (A and B) animals compared to thinNGF
he p
aring
and i
rvatail to acquire appropriate NGF responsiveness, we believe
his is unlikely. NGF dependence seems to correlate very
s of reproduction in any form reserved.
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425Sympathetic Neurons Require NGF and NT-3well with NGF responsiveness and expression of TrkA.
Both RT-PCR (Wyatt et al., 1997) and immunohistochemi-
cal analysis of NT-3-deficient mice (our unpublished re-
sults) suggest that TrkA is expressed at appropriate levels
and at the appropriate time in the absence of NT-3.
An alternative mechanism by which NT-3 could act to
influence sympathetic neuron survival is suggested by the
finding that NT-3 promotes neurite outgrowth and upregu-
lation of expression of growth-related genes through TrkA
in cultured sympathetic neurons and does so much more
effectively than it promotes survival (Belliveau et al., 1997).
NT-3 could thus act in conjunction with NGF to promote
neurite outgrowth, either to ensure that axons reach their
targets or to permit growth into and branching within
targets so that neurons access the maximal amount of NGF.
Consistent with this possibility, ElShamy et al. (1996)
ound that sympathetic axons do not innervate blood ves-
els in the ears of NT-3-deficient mice, but that injection of
T-3 into the ear caused axons to invade this target. Our
nding that innervation of the salivary gland is disrupted in
ice with reduced levels of NT-3 and lacking NGF com-
ared to animals lacking NGF alone provides further sup-
ort for this mechanism. One model for how both the
urvival and the neurite outgrowth-promoting activities of
he TrkA ligands NGF and NT-3 could be required for the
evelopment and maintenance of the appropriate number of
ympathetic neurons is as follows. Signaling through TrkA
ay be critical first to stimulate neurite outgrowth to
GF-expressing targets and ultimately for neuronal sur-
ival. Although NGF could fulfill both requirements, its
estricted distribution may impose an additional require-
ent for NT-3 in vivo. Initially, NT-3 is expressed at high
evels adjacent to sympathetic ganglia and later in tissues
uch as blood vessels along which sympathetic axons grow.
herefore NT-3 is potentially available to stimulate neurite
utgrowth allowing more sympathetic axons to reach NGF-
xpressing targets. This model is consistent with all the
eported findings in NGF-, NT-3-, and TrkA-deficient mice.
irst, in mice that lack TrkA, and thus both NT-3- and
GF-mediated signal transduction, both neurite outgrowth
nd survival are severely compromised: axons do not reach
he salivary gland, and most neurons do not survive (Fagan
t al., 1996). In mice that lack NGF, most neurons do not
urvive, although some axons do reach the salivary gland,
ikely due to stimulation of neurite outgrowth by NT-3. In
he absence of NT-3, we suggest that some neurons may not
urvive because their axons fail to reach NGF-expressing
argets. This model suggests that effects of neurotrophins
n survival and neurite outgrowth, which can be separated
y their concentration dependence in vitro, are less readily
distinguished in vivo due to the restricted distribution of
eurotrophins that makes survival dependent on neurite
utgrowth. Although the available data are consistent with
neurite-outgrowth-promoting role for NT-3 in sympa-hetic development, this possibility cannot at present be
istinguished from the alternatives discussed above, involv-
Copyright © 1999 by Academic Press. All rightng dual or sequential dependence on both NT-3 and NGF
or survival.
The emerging picture for the role of endogenous neuro-
rophic factors in sculpting the sympathetic nervous sys-
em is more complex than predicted by early experiments
dentifying NGF as the sole neurotrophin required for
urvival and maturation of these neurons. It is also different
rom the model derived from more recent studies suggest-
ng that NT-3 and NGF are sequentially required for sur-
ival at discrete developmental stages, NT-3 for precursor
urvival and/or differentiation and NGF for survival of
ostmitotic neurons. Our findings provide evidence for a
ual requirement for NT-3 and NGF to support sympa-
hetic neuron survival, which appears to differ from the
equirement of some sensory neurons for different neuro-
rophins sequentially to support survival. Thus, trigeminal
ensory neurons can be supported by NT-3, BDNF, or
T-4/5 before they require target-derived NGF so that mice
acking either BDNF or NT-3 have reduced numbers of
rigeminal neurons (reviewed in Davies, 1994, 1997). In
ontrast, NGF and NT-3 are required simultaneously for
urvival of the normal complement of sympathetic neurons
nd may function by distinct, rather than interchangeable,
echanisms. A second difference between sensory and
ympathetic neurotrophin requirements is that the Trk
eceptors mediating survival responses change in trigemi-
al sensory neurons, while both NGF and NT-3 appear to
ct through TrkA in sympathetic neurons.
Of the neurotrophins, NT-3 seems to have the most
iverse and complex roles, functioning through multiple
eceptors and multiple cellular mechanisms in different
ypes of neurons. NT-3 contributes to the determination of
orsal root ganglion sensory neuron number first by influ-
ncing the timing of precursor differentiation and second by
romoting the survival of postmitotic neurons (Farinas et
l., 1996). Furthermore, NT-3 acts through both TrkC and
rkB to promote survival in developing DRG (Farinas et al.,
998). In developing sympathetic neurons, NT-3 seems to
ct through TrkA to promote survival. While our studies
rovide evidence for the importance of NT-3 in supporting
eurite outgrowth to target tissues, which may account for
ts effect on survival, NT-3 may also have other roles in
ostnatal sympathetic development. Analyses of NT-3-
eficient mice suggest that sympathetic neurons depend on
T-3 for survival only transiently because neuron loss does
ot continue postnatally (Ernfors et al., 1994). The finding
hat treatment of postnatal rats with NT-3 antibodies
auses sympathetic neuron loss raises the possibility that
ympathetic neurons may continue to require NT-3 during
he first several postnatal weeks (Zhou and Rush, 1995).
ACKNOWLEDGMENTS
The authors thank Dr. Heidi Philips at Genentech for providing
the strain of NGF-deficient mice, Dr. Charles Gerfen at NIMH for
use of the Neurolucida Image analysis system, Nell Malec and Hua
s of reproduction in any form reserved.
CC
426 Francis et al.Tian for technical assistance, and Dr. Guy Guidry for many helpful
discussions and for reading the manuscript. This work has been
supported by NIH Grants HD 25681 and MH48200 and the NINDS
intramural research program. I. Farinas was the recipient of a
long-term fellowship from the Human Frontiers Science Program.
S. Landis was a McKnight Neuroscience Investigator. L. F.
Reichardt is an investigator of the Howard Hughes Medical Insti-
tute.
REFERENCES
Albers, K. M., Wright, D. E., and Davis, B. M. (1994). Overexpres-
sion of nerve growth factor in epidermis of transgenic mice
causes hypertrophy of the peripheral nervous system. J. Neurosci.
14, 1422–1432.
Barbacid, M. (1994). The Trk family of neurotrophin receptors.
J. Neurobiol. 25, 1386–1403.
Belliveau, D. J., Krivko, I., Kohn, J., Lachance, C., Pozniak, C.,
Rusakov, D., Kaplan, D., and Miller, F. (1997). NGF and
neurotrophin-3 both activate TrkA on sympathetic neurons but
differentially regulate survival and neuritogenesis. J. Cell Biol.
136, 375–388.
Benedetti, M., Levi, A., and Chao, M. V. (1993). Differential
expression of nerve growth factor receptors leads to altered
binding affinity and neurotrophin responsiveness. Proc. Natl.
Acad. Sci. USA 90, 7859–7863.
Birren, S. J., Lo, L., and Anderson, D. J. (1993). Sympathetic
neuroblasts undergo a developmental switch in trophic depen-
dence. Development 119, 597–610.
Bothwell, M. (1995). Functional interactions of neurotrophins and
neurotrophin receptors. Annu. Rev. Neurosci. 18, 223–253.
Buchman, V. L., and Davies, A. M. (1993). Different neurotrophins
are expressed and act in a developmental sequence to promote
the survival of embryonic sensory neurons. Development 118,
989–1001.
Buj-Bello, A. M., Pinon, L., and Davies, A. M. (1994). The survival
of NGF-dependent but not BDNF-dependent cranial sensory
neurons is promoted by several different neurotrophins early in
their development. Development 120, 1573–1580.
Campenot, R. (1977). Local control of neurite development by
nerve growth factor. Proc. Natl. Acad. Sci. USA 74, 4516–4519.
Chun, L. L. Y., and Patterson, P. H. (1977). Role of nerve growth
factor in the development of rat sympathetic neurons in vitro. I.
Survival, growth, and differentiation of catecholamine produc-
tion. J. Cell Biol. 75, 694–704.
lary, D. O., and Reichardt, L. F. (1994). An alternatively spliced
form of the nerve growth factor receptor TrkA confers enhanced
response to neurotrophin 3. Proc. Natl. Acad. Sci. USA 91,
11133–11137.
ordon-Cardo, C., Tapley, P., Jing, S., Nanduri, V., O’Rourke, E.,
Lamballe, F., Kovary, K., Klein, R., Jones, K. R., Reichardt, L. F.,
and Barbacid, M. (1991). The trk tyrosine protein kinase mediates
the mitogenic properties of nerve growth factor and
neurotrophin-3. Cell 66, 173–183.
Coughlin, M. D., and Collins, M. B. (1985). Nerve growth factor-
independent development of embryonic mouse sympathetic neu-
rons in dissociated cell culture. Dev. Biol. 110, 392–401.
Crowley, C., Spencer, S. D., Nishimura, M. C., Chen, K. S.,
Pitts-Meek, S., Armanini, M. P., Ling, L. H., McMahon, S. B.,
Shelton, D. L., Levinson, A. D., and Phillips, H. S. (1994). Mice
lacking nerve growth factor display perinatal loss of sensory and
Copyright © 1999 by Academic Press. All rightsympathetic neurons yet develop basal forebrain cholinergic
neurons. Cell 76, 1001–1011.
Davies, A. (1997). Neurotrophin switching: Where does it stand?
Curr. Opin. Neurobiol. 7, 110–118.
Davies, A. M. (1994). Switching neurotrophin dependence. Curr.
Biol. 4, 273–276.
Davies, A. M., Minichiello, L., and Klein, R. (1995). Developmental
changes in NT-3 signalling via TrkA and TrkB in embryonic
neurons. EMBO J. 14, 4482–4489.
DiCicco-Bloom, E., Friedman, W. J., and Black, I. B. (1993). NT-3
stimulates sympathetic neuroblast proliferation by promoting
neuroblast survival. Neuron 11, 1101–1111.
Durbec, P., Marcos-Gutierrez, C. V., Kilkenny, C., Grigoriou, M.,
Wartiowaara, K., Suvanto, P., Smith, D., Ponder, B., Costantini,
F., Saarma, M., Sariola, H., and Pachnis, V. (1996a). GDNF
signalling through the Ret receptor tyrosine kinase. Nature 381,
789–793.
Durbec, P. L., Larsson-Blomberg, L. B., Schuchardt, A., Constan-
tini, F., and Pachnis, V. (1996b). Common origin and develop-
mental dependence on c-ret of subsets of enteric and sympathetic
neurons. Development 122, 349–358.
ElShamy, W., Linnarsson, S., Lee, K., Jaenisch, R., and Ernfors, P.
(1996). Prenatal and postnatal requirements of NT-3 for sympa-
thetic neuroblast survival and innervation of specific targets.
Development 122, 491–500.
Ernfors, P., Lee, K.-F., Kucera, J., and Jaenisch, R. (1994). Lack of
neurotrophin-3 leads to deficiencies in the peripheral nervous
system and loss of limb proprioceptive afferents. Cell 77, 503–
512.
Ernfors, P., Wetmore, C., Olson, L., and Persson, H. (1990). Identi-
fication of cells in rat brain and peripheral tissues expressing
mRNA for members of the nerve growth factor family. Neuron 5,
511–526.
Fagan, A., Zhang, H., Landis, S., Smeyne, R., Silos-Santiago, I., and
Barbacid, M. (1996). TrkA, but not TrkC, receptors are essential
for survival of sympathetic neurons in vivo. J. Neurosci. 16,
6208–6218.
Farinas, I., Jones, K., Backus, C., Wang, X., and Reichardt, L. (1994).
Severe sensory and sympathetic deficits in mice lacking
neurotrophin-3. Nature 369, 658–661.
Farinas, I., Wilkinson, G. A., Backus, C., Reichardt, L. F., and
Patapoutian, A. (1998). Characterization of neurotrophin and Trk
receptor functions in developing sensory ganglia: Direct NT-3
activation of TrkB neurons in vivo. Neuron 21, 325–334.
Farinas, I., Yoshida, C. K., Backus, C., and Reichardt, L. F. (1996).
Lack of neurotrophin-3 results in death of spinal sensory neurons
and premature differentiation of their precursors. Neuron 17,
1065–1078.
Fernholm, M. (1971). On the development of the sympathetic chain
and the adrenal medulla in the mouse. Z. Anat. Entwickl. Gesch.
133, 305–317.
Greene, L. A. (1977). Quantitative in vitro studies on the nerve
growth factor (NGF) requirement of neurons. I. Sympathetic
neurons. Dev. Biol. 58, 96–106.
Hall, A. K., and Landis, S. C. (1992). Division and migration of
satellite glia in the embryonic rat superior cervical ganglion.
J. Neurocytol. 21, 635–647.
Hendry, I. A. (1977). Cell division in the developing sympathetic
nervous system. J. Neurocytol. 6, 299–309.
Hendry, I. A., Stockel, K., Thoenen, H., and Iverson, L. L. (1974).
The retrograde axonal transport of nerve growth factor. Brain
Res. 68, 103–121.
s of reproduction in any form reserved.
L427Sympathetic Neurons Require NGF and NT-3Hoyle, G. W., Mercer, E. H., Palmiter, R. D., and Brinster, R. L.
(1993). Expression of NGF in sympathetic neurons leads to
excessive axon outgrowth from ganglia but decreased terminal
innervation within tissues. Neuron 10, 1019–1034.
Korsching, S., and Thoenen, H. (1983). Nerve growth factor in
sympathetic ganglia and corresponding target organs of the rat:
Correlation with density of sympathetic innervation. Proc. Natl.
Acad. Sci. USA 80, 3513–3516.
Lee, K.-F., Davies, A. M., and Jaenisch, R. (1994). p75-deficient
embryonic dorsal root sensory and neonatal sympathetic neu-
rons display a decreased sensitivity to NGF. Development 120,
1027–1033.
Levi-Montalcini, R. (1987). The nerve growth factor: Thirty-five
years later. EMBO J. 6, 1145–1154.
evi-Montalcini, R., and Angeletti, P. (1963). Essential role of the
nerve growth factor in the survival and maintenance of dissociated
sensory and sympathetic neurons in vitro. Dev. Biol. 7, 653–659.
Maina, F., Hilton, M. C., Andres, R., Wyatt, S., Klein, R., and
Davies, A. M. (1998). Multiple roles for hepatocyte growth factor
in sympathetic neuron development. Neuron 20, 835–846.
Moore, M. W., Klein, R. D., Farinas, I., Sauer, H., Armanini, M.,
Phillips, H., Reichart, L. F., Ryan, A. M., Carver-Moore, K., and
Rosenthal, A. (1996). Renal and neuronal abnormalities in mice
lacking GDNF. Nature 382, 76–79.
Rubin, E. (1985). Development of the rat superior cervical ganglion:
Ganglion cell maturation. J. Neurosci. 5, 673.
Scarisbrick, I. A., Jones, E. G., and Isackson, P. J. (1993). Coexpres-
sion of mRNAs for NGF, BDNF, and NT-3 in the cardiovascular
system of the pre- and postnatal rat. J. Neurosci. 13, 875–893.
Smeyne, R. J., Klein, R., Schnapp, A., Long, L. K., Bryant, S., Lewin,
A., Lira, S. A., and Barbacid, M. (1994). Severe sensory and
sympathetic neuropathies in mice carrying a disrupted trk/NGF
receptor gene. Nature 368, 246–249.Tessarollo, L., Tsoulfas, P., Donovan, M. J., Palko, M. E., Blair-
Flynn, J., Hempstead, B. L., and Parada, L. F. (1997). Targeted
Copyright © 1999 by Academic Press. All rightdeletion of all isoforms of the trkC gene suggests the use of
alternate receptors by its ligand neurotrophin-3 in neuronal
development and implicates trkC in normal cardiogenesis. Proc.
Natl. Acad. Sci. USA 94, 14776–14781.
Theiler, K. (1972). “The House Mouse. Development and Normal
Stages from Fertilization to 4 Weeks of Age.” Springer-Verlag,
Berlin/Heidelberg/New York.
Thoenen, H., and Barde, Y.-A. (1980). Physiology of nerve growth
factor. Physiol. Rev. 60, 1284–1335.
Verdi, J., Groves, A., Farinas, I., Jones, K., Marchionni, M.,
Reichardt, L., and Anderson, D. (1996). A reciprocal cell–cell
interaction mediated by NT-3 and neuregulins controls the early
survival and development of sympathetic neuroblasts. Neuron
16, 515–527.
Verdi, J. M., and Anderson, D. J. (1994). Neurotrophins regulate
sequential changes in neurotrophin receptor expression by sym-
pathetic neuroblasts. Neuron 13, 1359–1372.
Wright, L. L., Cunninham, T. J., and Smolen, A. J. (1983). Devel-
opmental neuron death in the rat superior cervical sympathetic
ganglion: Cell counts and ultrastructure. J. Neurocytol. 12,
727–738.
Wyatt, S., and Davies, A. (1995). Regulation of nerve growth factor
receptor gene expression in sympathetic neurons during devel-
opment. J. Cell Biol. 130, 1435–1446.
Wyatt, S., Pinon, L. G. P., Ernfors, P., and Davies, A. M. (1997).
Sympathetic neuron survival and TrkA expression in NT-3
deficient mouse embryos. EMBO J. 16, 3115–3123.
Zhou, X., and Rush, R. (1995). Sympathetic neurons in neonatal
rats require endogenous neurotrophin-3 for survival. J. Neurosci.
15, 6521–6530.
Received for publication January 8, 1999
Revised March 5, 1999
Accepted March 5, 1999
s of reproduction in any form reserved.
